Tubes fabricated of polycrystalline YBazCu30-/., are characterized and details of the fabrication procedure are discussed. The microstructure of the tubes determined by scanning electron microscopy and x-ray diffractometry is described. Resistive measurements of T, and ATc have been made. The tubes have also been characterized by means of SQUID magnetometry. The temperature dependence of magnetic fields trapped axially in the tubes has been measured and estimates of penetration depth are given. Moreover, measurements of transverse shielding effectiveness of the tubes have been made and are compared with theoretical predictions. Studies on flux penetration into the tubes are described. Findings from the microstructure studies are correlated with the observed superconductivity properties. The results on the high temperature materials are compared to results obtained previously on tubes made from conventional superconductors.
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I n t rod u c t ion
Experimental techniques have been developed and investigations have been conducted t o measure the temperature dependence of quantized magnetic fields trapped axially in the center bores of superconducting tubes. Measurements on tubes manufactured from commercial grade Nb-based and Pb superconducting materials were reported in Ref. 1. A model was proposed in which these temperature-induced field changes were attributed to changes in penetration depth (2) . Good agreement between empirical results and theoretical prediction were obtained by using the Gorter-Casimir temperature dependence for penetration depth.
These studies were motivated by the possibility that such temperature-induced effects may be a significant source of noise in superconducting electronics. Both the empirical results as well as the penetration-depth model suggest that dBJdT evaluated a t a fixed temperature is a decreasing function of Tc.
In this paper we report on an investigation on a series of Y B~~C U~O ;~. , bulk polycrystalline tubes in which measurements of the temperature dependence of field trapped in the HTS tubes were performed in a manner comparable t o the studies on the conventional tubes. The results of these measurements and modeling of the temperature dependence in terms of the two-fluid model are reported. Based on other investigations, it is hypothesized that the temperature-induced effects in these polycrystalline granular materials is not a measure of the intrinsic penetration depth of the material, but is principally a measure of the strength of the Josephson coupling between grains in the material(4,5,6).
Magnetization effects have been identified as a major limitation in these materials a t the current stage of their development. Shielding in the tubes has been investigated. Two types of experiments have been conducted to measure any deviations from ideal superconducting beManuscript received August 22, 1988 havior at low fields associated with magnetization effects. First the transverse shielding effectiveness of the tubes has been measured and results have been compared with theoretical expressions. In addition, flux penetration into the tube is measured as a pressure differential in axial magnetic field between the exterior and the interior of the tube is generated. This experiment parallels the earlier work of Kim e t al(7). Critical current is estimated from their modeling.
Sample Preparation and Material Characterization
Bulk tubes of polycrystalline YBa2Cu3O;l-, were fabricated by solid state reaction using a variety of tube construction techniques and material processing treatments. A tube geometry was attained in samples 1-4 and 7 by boring holes through the centers of fully sintered rods of material which were produced by uniaxial pressing in a cylindrical mold. Samples 5 and 6 were formed directly into tubes by applying cold isostatic pressure prior to sintering.
Samples 1 and 2 were processed simultaneously from the same batch of starting materials. Stoichiometric proportions of Y2O3 (99.9%), BaC03 (99.9%), and CuO (97%) powders were wet-mixed in methanol, dried and ground, and then calcined in alumina trays in air. The samples were then reground, cold-pressed at 60 kpsi into solid rods, and sintered in air followed by a slow cool down to room temperature. A hole was drilled along the axis of each rod using a lathe.
Samples 3 and 4 were prepared in a single batch with the same procedure as above, with the exception of using 99.999% purity starting powders and including the additional processing step of oxygen annealing the sintered rod prior t o boring a hole through it. Sample 7 was produced in the same manner as samples 3 and 4 with BaO2 (99.5%) used in place of BaC03.
Samples 5 and 6 were both fabricated using cold isostatic pressing, though different material processing treatments were used for each tube. Sample 5 was pressed into the form of a tube having an end cap.
Sample 6 was produced by applying isostatic pressure to preprocessed powder. This tube was pressed a t 20 kpsi without any end cap. The tube sample was then sintered and annealed in oxygen and slow cooled to room temperature. Further information about the starting compounds and complete processing details are not available for these samples.
Sections were cut from the tube samples to conduct material characterization studies. X-ray powder diffraction was performed on a Philips diffractometer using Cu Ka radiation. Standard four-point resistivity measurements were made using low frequency ac current over a temperature range of 5 t o 300K. Scanning electron microscopy was carried out to examine the microstructure of the materials. The density of the samples was measured by computing the ratio of sample mass t o the volume calculated from measuring tube dimensions. All of the tube fabrication and percent of theoretical density information iscontained in Table 1 B:
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D: The x-ray diffraction data indicated that, for all but sample 5, the material was single phase orthorhombic YBa2Cu307-,. Sample 5 was found t o contain a small fraction of BaCuO2 in addition to the remaining portion being the superconducting 1-2-3 phase. The resistivity data agreed with the diffraction data in that the single phase samples exhibited sharp superconducting transitions with linearly increasing resistance above T, , while sample 5
showed a very broad transition and semiconducting behavior above Tc. The onset critical temperature Tco and the 10-90% transition width ATc are given in Table 2 . The scanning electron microscopy study revealed that, as expected, the tube fabrication procedure was an important factor in determining the average grain size or the material. For the uniaxially pressed samples, the outer surfaces of the tubes were reasonably smooth, having large grains typically 15-20 pm in size In contrast, the inner walls had rough surfaces due to the drilling process, and the grain size was reduced to 3-4 prn The isostatically pressed tubes had basically the same inner and outer wall grain sizes, which were in the range of 4-8 um.
The Temperature Dependence of Trapped Field Experimental Procedure
The experimental procedure for this measurement has been described in detail elsewhere(1). Basically, the temperature of the sample is raised to a temperature in excess of its critical temperature and subsequently cooled in an axial magnetic field. The change in axial field AB is measured as a function of temperature for the cooling phase and subsequently the temperature is ramped t o 100K. In a variation of the basic experiment, the temperature is ramped t o some temperature TI and subsequently, the temperature is lowered t o the initial temperature To.
A new probe was utilized for these measurements which has the same basic design as the probe used in the earlier studies on conventional tubes. There were several design features unique t o this new cryostat which made the measurements on the HTS materials possible. The new cryostat has heavier duty heaters which allow temperature ramps in excess of 100K. In order t o avoid experimental error, it is essential that there be negligible heating of the magnetometer circuit when the sample is heated. The diameter of the cylindrical cryostat is 5.25 inches, in contrast t o 2.5 inches for the earlier version. With this modification, it was possible t o obtain a corresponding wider separation of the posts used for clamping and heating the sample from the center post used t o mount the magnetometer loop. This change did significantly improve the thermal decoupling between the heaters and the center post. In addition, greater care was taken in this design t o improve the coupling of the center post t o the liquid helium bath. With these changes a temperature change of only O.2K is observed when the sample is heated from 5K t o 100K.
Empirical Results
The profiles of field change as a function o f temperature for the HTS tubes cooled in an applied axial field of 0.5G (1G for sample 5) are displayed in Figure 1 . Results from these experiments demonstrated consistently the following points similar to trends reported in Ref. 1. The temperature dependence of field change is a monotonic, decreasing function of temperature which is asymptotic a t the critical temperature. The inductive superconducting onset temperature Tco and ATc are recorded in Table 2 along with values obtained resistively. This superconducting phase transition for the tubes is depressed 1 to 3K compared t o the resistivity measurements. The magnitude of field change t o temperature change dB/dT at 10K is in a range from -1 to -12 GIK. The magnitude of field change at a fixed temperature increases with temperature. The total variation in field over the entire temperature ramp was observed t o be roughly 2 to 6% of the applied field, compared t o 0.1 to 0.5% observed for the conventional materials. The effect scales with magnetic field for fields ranging from 0.1 G to 5 G. (It should be noted that, for applied fields in excess of 5 G, large steps have been observed in the SQUID output even for temperatures small compared t o the critical temperature.) Moreover, the effect is observed to be reversible for cycling of temperature between 5 and 55K.
The results obtained here for the HTS tubes are qualitatively similar t o those observed for the conventional materials. For data collected on the HTS tubes with temperatures between 4 and 6K, the magnitude of dB/dT for the HTS tubes was approximately an order o f magnitude smaller than for Nb tubes of comparable diameter a t the same temperature. Table 1 ).
The Penetration-Depth Model for HTS Tubes
Following the earlier treatment to explain the temperature-induced field changes in terms of penetrationdepth changes, we assume that the magnetic flux 0 for an axially trapped field i s quantized and invariant t o temperature variation Let B denote the field density in the center bore of the tube and let R denote the inner radius of the tube Flux penetrating into the inner surface of the tube can be approximated accurately by a sheath of uniform flux density Bo in the surface Hence, the total flux 0 can be approximated by the following expression
= B (nR2 +211If \ I
For temperature-induced variations in penetration depth there will be corresponding changes in field density given by This statement IS independent of any particular model for temperature dependence This model predicts that dB/dT should be a linear function of B and inversely proportional to the radius R As indicated above for fields ranging from 0 1 t o SG, the temperature-induced field changes do scale with B
In the previous study(l), the Gorter-Casimir two fluid expression for the temperature dependence of penetration depth was applied and gave a good measure o f fitness Statistical fitting of the current data t o this temperature dependence has given consistent results However anomalous values of penetration depth in excess of 100,000 A are observed The values of penetration depth in our measurements did not correlate with the quality of the bulk properties, e g , sample density or chemical purity, nor with measurements of bulk magnetization properties described in the following section SEM microphotographs suggest that surface quality is a more important parameter in determining the penetration depth A value o f 1400 A for the penetration depth measured by means of muon spin relaxation has been reported by Kossler et al(3) . In contrast, a value of 24,000 4 for penetration depth measured on a'bulk polycrystalline sample using a standard high frequency inductive technique has been measured(4). It is'believed that smaller value corresponds t o the intrinsic penetration depth for single grains, while the larger value is determined by the coupling of weakly linked grains. Models have been developed in which the penetration depth is determined by the strength of intergranuiar Josepheson tunneling and the temperature dependence o f the penetration depth correspondingly deviates from the two fluid mode1(4,5,6). As can be seen from. Figure 2 , there is some systematic deviation of our data from prediction which may be due to such effects. Work is in progress to evaluate our findings in terms of these models.
Measurement of Field Chanqe Inside the Tubes
Induced by Chanqe in the External Field
Ideally, a superconducting tube will shield an interior area from external magnetic fields for fields applied parallel and transverse to the axis of the tube with only a minute field leakage a t the ends A standard measure of this leakage, known as the shielding effectiveness, is given as the ratio of change of external field to change in internal field density, denoted U Theoretical expressions for (J have been derived from electromagnetic theory (8) These expressions apply independent of the material for Type-I materials and for Type-ll materials in fields with magnitude less than the critical value H, 1 In particular, expressions for o have the functional form for both external fields applied parallel and transverse t o the axis of the tube. In this equation, R is the radius of the tube and z is the distance into the tube, with cparallel= 3.4, For the tubes investigated in this study, oparallel = 10+8, and utransverse= 10+4 a t the center of the tube aretypical. We have been able to measure the transverse shielding effectiveness of the YBaCuO tubes. Results obtained with changes in external field in the range ? 1 G are consistent with the prediction for the estimate of transverse shielding effectiveness. Measurements for U arallel are larger than predicted for axial shielding eFfectiveness. This is not surprising since measurement of Cparallel requires great precision in alignment of the tube in ,the field. Slight misalignment will introduce a component of transverse field leakage much greater than the component of axial leakage into the tube.
It has also been possible to investigate irreversible flux penetration for the YBaCuO tubes. for axial fields with H>H,1, the external field will begin to permeate the bulk of the material and eventually penetrate into the interior of the tube so that the ideal shielding will fail. Early investigations into flux pinning' involved such measurement of flux penetration into tubes. Expressions for the volume flux pinning force and the critical current required t o move flux were derived by Kim et al(7) .
Experiments were conducted rn, which HTS tubes were cooled in a nominal field of approximately 2mG and subsequently the tubes were subjected to cycling of an axial magnetic field a t 5K. The maximum amplitude of the external field was chosen as large as possible with the constraint that the z-axis magnetometer remain in lock during the cycling. Results for different tubes are displayed in Figure 3. while Ctransverse = 1.8.
10
I I slope The profiles for the second class displayed nonmonotonic behavior Following linear growth in a low field region, there is a smooth decrease in field A minimum less than zero is reached and asymptotic growth follows It is assumed that the effect is associated with either the breakdown of Josephson tunneling or perhaps flux depinning Followin the approach of Kim e t al (7), we give an estimate of t l e current density and the volume force density associated with this effect The flux density Bo outside the tube and B, are related to the transport current in the interior of the tube by the equation where w is the thickness of the tube. Assuming that a linear field gradient is established across the wall of the tube, the current density J and the volume force density Fv are estimated by Estimates for the tubes evaluated are given in Table 3 for the case in which flux begins to penetrate into the interior of the tube, I e , 6, = 0 In these estimates, Bo is taken t o be the field density associated with the break in linearity even in cases where non-monotonic profiles are observed Each of these curves display linear growth characteristics of the ideal shielding followed by large nonlinear field changes for sufficiently large fields. The onset value of the external field Bo required for nonlinear field change ranged in value from Bo = 3.4G to 40G. There is one striking contrast distinguishing two classes of behavior. The profiles displayed by the majority of samples show monotonic increase of field inside the tube as the external field increases. Linear growth is observed. for lower fields, while nonlinear growth after a well defined break is observed for higher fields with a sharp change in This measure o f critical current density appears t o correlate with the choice and quality of starting materials, as well as the thermal processing of the samples.
Conclusions
We have fabricated and characterized a series of polycrystalline YBazCu307 tubes. Measurement of the temperature dependence of field change for axial magnetic field is qualitatively similar to results obtained previously for Nb-based and Pb tubes. It was hypothesized that the field changes are associated with temperatureinduced changes in penetration depth. The measurements are found t o be consistent with the model by statistically fitting the data t o the model when the GorterCasimir temperature dependence for penetration depth is used. Anomalously large values of penetration depth are estimated. Similar results have been found in other 1 --studies. It has been hypothesized that the penetration depth measured is not the intrinsic penetration depth associated with single-crystal material, but is largely a function of intergrain Josephson tunneling, as well as the quality of the surfaces.
Measurements of field change inside the tubes resulting from a change in external field have been conducted. For changes in external transverse magnetic field on the order of 1 gauss, our experimental results are consistent with material-independent theoretical predictions for transverse shielding effectiveness. For changes in external axial field, it is believed that our results for small fields are consistent with theoretical predictions for shielding effectiveness, but for larger fields (ranging from 3 to 40 gauss) there is flux penetration into the tube's interior at 5K. Estimates of current density range'frorn 5 up to 70 Akm2 and estimates of volume force density range from 10 up t o 1100 Dyneskm3.
